Mitochondria are double-membrane-bound organelles that constantly change shape through membrane fusion and fission. Outer mitochondrial membrane fusion is controlled by Mitofusin, whose molecular architecture consists of an N-terminal GTPase domain, a first heptad repeat domain (HR1), two transmembrane domains, and a second heptad repeat domain (HR2). The mode of action of Mitofusin and the specific roles played by each of these functional domains in mitochondrial fusion are not fully understood. Here, using a combination of in situ and in vitro fusion assays, we show that HR1 induces membrane fusion and possesses a conserved amphipathic helix that folds upon interaction with the lipid bilayer surface. Our results strongly suggest that HR1 facilitates membrane fusion by destabilizing the lipid bilayer structure, notably in membrane regions presenting lipid packing defects. This mechanism for fusion is thus distinct from that described for the heptad repeat domains of SNARE and viral proteins, which assemble as membrane-bridging complexes, triggering close membrane apposition and fusion, and is more closely related to that of the Cterminal amphipathic tail of the Atlastin protein.
Introduction
Membrane fusion allows communication between two compartments delimited by lipid bilayer structures. Fusion occurs during many fundamental physiological processes, including viral entry into cells, inter-organellar, and inter-cellular communications [1] . In order to fuse, membranes must first be brought into very close proximity and then remodeled/destabilized to allow the merging of their lipid bilayer. The sequence of events leading to lipid bilayer fusion often includes the passage through a hemifusion intermediate structure, in which the outer lipid monolayers are mixed while the inner monolayers remain separated [2] . Biological membrane fusion uses specialized proteins that lower the successive energy barriers of the intermediate states on the fusion pathway.
Soluble N-ethylmaleimide-sensitive factor attachment protein receptor (SNARE) proteins and fusion proteins from enveloped viruses, notably the hemagglutinin (HA) protein from the influenza virus, constitute the best described fusion machineries, which both use the energy of protein folding to mediate membrane fusion. SNARE proteins are membrane-anchored, coiled-coil forming proteins, involved in intracellular vesicle traffic and exocytosis [3] . SNARE-mediated fusion occurs when the heptad repeat domains of the vesicular (v-) and target membrane (t-) SNARE proteins assemble in a zipper-like fashion (from the membrane-distal parts to the membrane-proximal parts of the proteins) to form a highly stable membrane-bridging coiled-coil complex that pulls the membranes close together and triggers their fusion [4] [5] [6] [7] [8] . Viral fusion proteins are transmembrane proteins residing in the viral envelope membrane, and displaying an initially closed and inactive conformation, in which a fusion peptide is sequestered. During viral infection, the fusion protein opens up and releases the fusion peptide, which anchors the viral envelope to the target membrane. The viral protein then folds back on itself, which brings the viral and target membranes in close proximity. This membrane apposition effect combined with lipid bilayer perturbation by the fusion peptide leads to membrane fusion [9] . In addition to these heterotypic fusion events, homotypic fusion events also occur within cells such as those that control the dynamics and morphology of endoplasmic reticulum (ER) and mitochondria. The homotypic fusion of ER tubules is mediated by Atlastin, a large membrane-anchored GTPase protein from the dynamin superfamily. Recent structural and biochemical data suggest that Atlastin mediates ER membrane docking through GTP-dependent trans-dimerization of its GTPase domain, and ER membrane fusion through lipid bilayer destabilization by a C-terminal amphipathic helix [10] .
Mitochondria also form a network of highly dynamic organelles, which undergo frequent cycles of fusion and fission within cells. The balance between membrane fusion and fission defines mitochondrial morphology and is important for normal mitochondrial and cellular function [11] . Dysfunctions of mitochondrial dynamics are associated with several major neurodegenerative disorders, including Parkinson, Alzheimer, and Huntington diseases [12] . Mitochondrial fusion involves four membranes (an inner and an outer membrane for each mitochondrion) that must fuse in a coordinated manner. The key molecular players of mitochondrial fusion have been identified but the underlying molecular mechanisms of the fusion event remain largely unknown. Like ER fusion, mitochondrial fusion is controlled by membrane-anchored dynamin-related proteins: optic atrophy 1 (OPA1) in the inner membrane and Mitofusins in the outer membrane [11, 13] . Mammalian cells possess two Mitofusin proteins (Mfn1 and Mfn2) that display highly similar primary structures, and are both involved in mitochondrial fusion [14] [15] [16] . Mitofusins are transmembrane proteins, containing an Nterminal GTPase domain, and whose U-shaped bipartite transmembrane (TM) region spans the outer mitochondrial membrane twice [15] . As a result, both the N-and the C-terminal portions of Mitofusins face the cytosol. The two TM domains of Mitofusins are flanked by two heptad repeat domains (HR1 and HR2) with the potential to form coiled-coil structures ( Fig 1A and Appendix Fig  S1) . Mutations in any of these functional domains impair Mitofusin function, but their exact role in mitochondrial fusion remains unknown [15, [17] [18] [19] [20] . Structural and in situ studies showed that the HR2 domain of Mfn1 can form an antiparallel coiled-coil dimer, suggesting a role in mitochondrial docking [18] . A recent study questioned the cytosolic orientation of the HR2 domain and proposed that it resides instead in the space between outer and inner mitochondrial membranes, where it can form cis-complexes driving Mitofusin oligomerization [21] . Expression of Mitofusin mutants lacking GTP binding activity abolished mitochondrial fusion in situ [16] , and in vitro fusion between isolated mitochondria required GTP hydrolysis [22, 23] , showing that a functional GTPase domain is essential for mitochondrial fusion. Because dynamin-related proteins are known for their membrane tubulation and constriction properties depending on their GTPase domain [24] , it was suggested that the N-terminal GTPase domain of Mitofusins could be involved in mitochondrial membrane remodeling events [1, 22, 25] . Two recent X-ray structural studies of the GTPase domain of Mfn1 linked to the HR2 domain via an artificial flexible linker revealed a closed conformation closely resembling that of the membrane-distal region of the bacterial dynamin-like protein (BDLP) in its GDP-bound state [26, 27] . In addition, this GTPase-HR2 fragment was shown to dimerize in the presence of GTP. By analogy with BDLP, which transits from an open to a closed conformation upon GTP hydrolysis, it was therefore proposed that Mfn1 could bring membranes in close apposition through GTPdependent conformational changes of trans-Mfn1 dimers. Despite these recent insights into how Mitofusin mediates mitochondrial membrane docking, the molecular trigger of the fusion event remains to be identified. Notably, the exact function of the HR1 domain of Mitofusins in outer mitochondrial membrane fusion is still unknown. Recent works proposed that the HR1 domain of Mfn2 could allow the HR2 domain to adopt an active extended conformation [28, 29] .
In vitro approaches using the reconstitution of fusion proteins into artificial membrane systems have proven very successful in elucidating the molecular mechanisms of various cellular fusion machineries, including SNARE, Atlastin, and viral proteins [6, 10, [30] [31] [32] [33] [34] [35] . In this work, we sought to determine the role of the two heptad repeat domains (HR1 and HR2) of Mitofusin in membrane docking and fusion using a combination of in situ cell assays and in vitro reconstitution assays with liposomes mimicking the outer mitochondrial membrane. Expression of Mitofusin variants lacking specific protein fragments was used to reveal the importance of these fragments for mitochondrial fusion in situ. Membrane docking and fusion events were monitored in vitro through a combination of spectroscopy and electron microscopy assays. Conformational changes and biophysical/biochemical properties of HR1 and HR2, as they pertain to their capacity to mediate membrane fusion, were revealed using circular dichroism experiments, partitioning assays and in silico bioinformatics analysis of their sequence. Using these different approaches, we show that both the HR1 and the HR2 domains of Mitofusin have the capacity to mediate membrane docking. We also show that the HR1 domain possesses a conserved amphipathic helix that induces fusion by interacting with the lipid bilayer structure.
Results
The HR1 and HR2 domains are essential for Mitofusin-mediated mitochondrial fusion
To investigate the importance of the heptad repeat domains of Mitofusin in mitochondrial fusion, we examined the properties of wildtype and mutant Mfn1 proteins (Fig 1B) in mouse embryo fibroblasts devoid of endogenous Mfn1 (Mfn1 KO MEFs). In agreement with previous work [16] , Mfn1 KO MEFs displayed largely fragmented mitochondria, and expression of wild-type Mfn1 led to the appearance of elongated branched mitochondria (Fig 1C) . In contrast, expression of Mfn1 molecules lacking the HR2 domain (Mfn1-DHR2) did not restore the tubular morphology of the mitochondrial network (Fig 1C) , confirming that the HR2 domain is essential for Mitofusin function [18] . Remarkably, Mfn1 molecules lacking the HR1 domain (Mfn1-DHR1) also failed to restore mitochondrial fusion and tubular mitochondrial morphology (Fig 1C) . Western blot analysis of cell lysates revealed that all constructs were expressed at similar levels in Mfn1 KO MEFs (Appendix Fig S2A) , and immunofluorescence microscopy showed that they were all strongly co-localizing with an EGFP expressed in the mitochondrial matrix (Appendix Fig S2B) , indicating that the observed phenotypes were not due to a default in expression level and/or mitochondrial targeting of Mfn1 mutants. To confirm the effect of wild-type and mutant Mfn1 by unambiguous quantitative procedures, we used a recently developed method for quantitative analysis of mitochondrial morphology-the mitochondrial network analysis (MiNA) toolset-that allows one to (i) categorize mitochondrial morphologies into two different structures, either individuals (for isolated puncta or short filaments) or networks (for interconnected filaments), and (ii) evaluate the extent of branching and the length of the filaments [36] . MiNA revealed that expression of wild-type Mfn1 was associated with a decrease in the number of individuals and networks that was paralleled by an increase of mitochondrial length and of the number of branches per mitochondrial network ( Fig 1D) . In contrast, neither Mfn1-DHR1 nor Mfn1-DHR2 expression led to a significant alteration of mitochondrial morphology in Mfn1 KO MEFs (Fig 1D) . These results confirm that Mfn1 expression in Mfn1 KO cells restores mitochondrial fusion and mitochondrial network morphology, and that the HR1 and HR2 domains are essential for Mfn1-mediated mitochondrial fusion. The requirement of HR2 may be related to its proposed role in mitochondrial docking [18, 29] or in the formation of a helix-bundle important for the integrity of Mitofusin GTPase domain [26, 27] . The HR1 domain has been shown to interact with HR2 [15, 19, 28] , and this interaction may modulate HR2 activity [29] , but it cannot be excluded that the HR1 domain also plays a direct role in the fusion process. In order to unveil the exact role of HR1 and HR2 in mitochondrial membrane fusion, we next used in vitro biochemical/biophysical assays with defined membrane systems.
The HR1 domain of Mitofusin induces liposome fusion
To elucidate the function of the heptad repeat domains of Mitofusin in membrane fusion, we reconstituted HR1 or HR2 fragments into liposomes and monitored the fusion between these liposomes using a fluorescence resonance energy transfer (FRET)-based lipidmixing assay [6] . Because the heptad repeat domains of Mitofusin can engage in homotypic interactions [18] , possibly occurring during liposome reconstitution and storage, we chose to reconstitute them at the very beginning of the fusion assay using a maleimide lipid-anchorage strategy (Fig 2A) . Maleimide anchorage has been previously used to successfully reconstitute SNARE proteins into liposomes and recapitulate SNARE-mediated fusion in vitro [7] . Efficient fusion required that SNAREs are anchored to maleimide lipids with long hydrophobic chains (with at least 45 carbons) which can span both leaflets of lipid bilayers. In our work, we used either a short (18 carbons hydrophobic chain) or a long (45 carbons hydrophobic chain) maleimide lipid, called C18
and C45 maleimide lipids, respectively. The heptad repeat domains of Mitofusins were modified to contain only a single terminal cysteine residue, at the C-terminus in the case of HR1 and at the N-terminus in the case of HR2, therefore allowing their coupling to maleimide-containing liposomes with the same orientation as on mitochondrial membranes ( Fig 1A) . We chose to work with liposomes exclusively made of phosphatidylcholine lipids (besides the reactive C18 or C45 maleimide lipid) to allow direct comparison with liposome fusion mediated by reconstituted synaptic SNARE proteins. The main lipids found in synaptic vesicles are phosphatidylcholine (PC), phosphatidylethanolamine (PE), and phosphatidylserine (PS) [37] , whereas the main lipids of the outer mitochondrial membrane are PC, PE, phosphatidylinositol (PI), and cardiolipins (CL) [38] . PE lipids could not be used here because they were reacting with the maleimide groups during liposome reconstitution [39] , therefore preventing chemical linkage of heptad repeat domains to maleimide lipids after liposome formation.
Liposome fusion experiments were first performed with the HR1 and HR2 domains of Mfn1. Fluorescence dequenching (signature of lipid mixing between the two distinct populations of liposome) occurred 10 min after addition of the HR1 domain to the liposomes (Fig 2B) . This delay corresponds to the time required for the HR1-maleimide coupling reaction to proceed (Appendix Fig  S3) . Interestingly, similar extent of lipid mixing was observed after 90 min of reaction whether HR1 was coupled to C18 or C45 maleimide lipids. In addition, no liposome fusion was measured when HR1 was added to liposomes lacking maleimide lipids or in which maleimide lipids had been inactivated (Fig 2B and Appendix Fig  S4A) , showing that only membrane-anchored HR1 has the capacity to induce lipid mixing. Under the same experimental conditions, HR2 was unable to induce lipid mixing and so were the heptad repeat domains of the synaptic t-or v-SNARE proteins in an homotypic configuration (i.e., with the same SNARE protein in both liposome populations; Fig 2B) . In the heterotypic configuration (i.e., with the t-SNARE in one liposome population and its cognate v-SNARE in the other one), the heptad repeat domains of SNAREs mediated lipid mixing only when they were anchored to long C45 maleimide lipids (Appendix Fig S4B) , in agreement with previous work [7] . SNARE-and HR1-mediated liposome fusions thus display different membrane anchor length requirements, suggesting that they might proceed through a different molecular mechanism. Figure 1 . The HR1 and HR2 domains are required for Mitofusin function in mitochondrial fusion.
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A Domain architecture of Mitofusin proteins. Mitofusins have an N-terminal GTPase domain (in purple) and two heptad repeat domains (HR1 in red and HR2 in blue); these three domains face the cell cytosol and are anchored to the outer mitochondrial membrane via a bipartite transmembrane (TM) region (in green). B Scheme of Mfn1 variants used for transfection of Mfn1 KO MEFs. C Mfn1 KO MEFs were transfected with a plasmid expressing mtEGFP alone (control) or in combination with a plasmid expressing Mfn1-Myc full length (Mfn1 WT), Mfn1-Myc lacking the HR1 domain (Mfn1-ΔHR1), or Mfn1-Myc lacking the HR2 domain (Mfn1-ΔHR2). Mfn1 variants were stained with an anti-Myc antibody and actin was stained with Phalloidin. Co-transfected cells were identified as those expressing both Mfn1 variants and mtEGFP on mitochondria. The right panels show magnified views of the boxed areas in the left panels. Mfn1 KO MEFs expressing Mfn1 WT display normal filamentous mitochondrial morphology, whereas expression of Mfn1-ΔHR1 or Mfn1-ΔHR2 cannot rescue mitochondrial morphology. The scale bar is 10 lm for the left panels and 2 lm for the right panels. D The morphology of the mitochondrial network was quantitatively analyzed using the MiNA Image J macro tool (~30 cells for each Mfn1 variant; n = 3-4 independent experiments). Mitochondrial morphologies were classified as either individuals (structures with no junction, which can be puncta or rods) or networks (structures with at least one junction and three branches). The program also calculated the mean length of rods and network branches, and the mean number of branches per network. Box plots represent the 25 th and 75 th percentiles around the median, and the whiskers represent the maximum and minimum values. **P ≤ 0.01, ***P ≤ 0.001, ****P ≤ 0.0001 by Mann-Whitney U-test.
SNARE-mediated liposome fusion requires that both v-and t-SNARE proteins have surface densities of at least 1 protein for 300 lipids [32] . To determine the minimal protein surface density allowing liposome fusion by HR1, we have performed lipid-mixing experiments with various concentrations of HR1 added at t = 0 of the assay and quantified the actual lipid-to-protein ratio of each liposome preparation in a separate liposome co-floatation assay (Appendix Fig S5A) . These titration experiments revealed that significant lipid mixing (larger than 5% after 90 min of reaction, i.e., twofold higher than the fusion background) required an HR1 surface density of at least 1 protein for 470 lipids (Appendix Fig  S5B) . This value is consistent with the physiological concentration of Mitofusins that we estimated to be around 1 protein for 450 lipids using mitochondria purified from wild-type MEFs (Appendix Supplementary Text and Appendix Fig S5C) .
Lipid mixing between liposomes can occur through hemifusion, that is, the mixing of only the outer leaflets of the liposome bilayers, or full fusion (Fig 3A) . To determine the contribution of fluorescence dequenching arising from outer or inner leaflets mixing, we specifically eliminated the NBD fluorescence signal of the outer leaflets by pre-incubating fluorescent liposomes with sodium dithionite [40] . Thus, any fluorescence increase observed in the fusion assay after HR1 addition would result from mixing of the inner leaflets. Significant fluorescence dequenching was still measured after dithionite treatment (Fig 3B) . By comparing the extent of liposome fluorescence dequenching measured with or without prior dithionite treatment, we could estimate the percentage of liposomes that underwent hemifusion or had completed full fusion. After 90 min of incubation with HR1,~60% of the liposomes had hemifused and~40% had undergone full fusion (Fig 3B) , showing that the HR1 domain of Mfn1 can induce fusion of both the outer and inner leaflets of liposome membranes.
Qualitatively, similar results were obtained with the HR1 and HR2 domains of Mfn2 (Appendix Fig S4C) . However, the preparations of Mfn2-HR1 peptides displayed variable fusion activities and a strong tendency to aggregate, as observed by SDS-PAGE following high speed centrifugation (Appendix Fig S6) . Therefore, we pursued the functional characterization of the heptad repeat domains of Mitofusins in fusion using exclusively Mfn1 fragments.
The HR1 and HR2 domains of Mitofusin mediate liposome docking
Membrane fusion occurs through a series of intermediate stages that include membrane docking followed by lipid bilayer destabilization and merging. Previous work has suggested that the HR2 domain of Mfn1 plays a role in the docking step of mitochondrial fusion [18] . We therefore investigated whether the HR1 and HR2 domains of Mfn1 could mediate membrane docking in our in vitro system. We first used a liposome pull-down assay in which non-fluorescent liposomes decorated with biotinylated lipids were bound to streptavidin-coated magnetic beads and were used to pull down fluorescent liposomes (Fig 4A) . Fluorescent and non-fluorescent liposomes were both functionalized with C18 maleimide lipids to allow membrane-anchorage of the heptad repeat domains of Mfn1. Working with C18 maleimide lipids further allows comparison with the docking capacity of SNARE proteins. In fact, SNARE proteins were shown to mediate liposome docking but not liposome fusion when they were anchored to short C18 maleimide lipids [7] . Both the HR1 and HR2 domains of Mfn1 induced liposome docking in this pull-down assay, and their docking efficiency was comparable to that of heterotypic v-SNARE/t-SNARE complexes ( Fig 4A) . Next, we investigated the docking and fusion properties of HR1 and HR2 by negative staining electron microscopy (EM). EM pictures of liposomes functionalized with C45 maleimide lipids and incubated with either the HR1 or HR2 domain of Mfn1 confirmed that both domains can mediate liposome docking. In addition, the percentage of docked liposomes was comparable to that measured in the liposome pull-down assay (Fig 4B) , and previously observed in studies that analyzed SNARE-mediated liposome docking by EM liposomes were anchored to streptavidin magnetic beads and used to pull-down fluorescent POPC:C18:DOPE-NBD:DOPE-Rho(92:5:1.5:1.5) liposomes in the absence or presence of the heptad repeat domains of Mfn1 or SNARE proteins in their membrane. The HR1 and HR2 domains of Mfn1 were added at t = 0 (using the same lipid and protein concentrations as in Fig 2) and SNARE proteins were reconstituted into liposomes before running the docking assay. The t-SNARE Syn1A/SNAP25 (T) was reconstituted in the non-fluorescent liposomes, and the v-SNARE VAMP2 (V2) or VAMP7 (V7) were reconstituted in the fluorescent liposomes. Docking occurred overnight on ice and was quantified by measuring the fluorescence of bound liposomes (expressed here as the average percentage of input fluorescence from n = 3 independent experiments; error bars are standard deviations). Two-sample t-tests by comparison with C18 + HR1: C18 + HR2, C18-T + C18-V2 and C18-T + C18-V7 (non-significant); C18 (*P < 0.05). B Docking and fusion of liposomes by the heptad repeat domains of Mfn1 investigated by electron microscopy (EM). POPC:C45(95:5) liposomes were incubated for 1 h at 37°C with or without the HR1 or HR2 domains of Mfn1 (500 lM of lipids and 12.5 lM of proteins) and observed by EM after being diluted 20 times. Incubation with either HR1 or HR2 induced liposome docking events (indicated with asterisks). We considered that two liposomes were docked to each other when their membranes were separated by 5 nm or less. Two-sample t-tests by comparison with C45 + HR1: C45 + HR2 (non-significant); C45 (*P < 0.05). After incubation with HR1 (but not HR2), a fraction of the liposomes also appeared significantly larger (indicated with hashtags), proving that full fusion had occurred. The histogram of liposome diameters and the percentage of liposomes in contact were determined from n = 3 independent experiments. A total number of 901, 965 and 1,205 liposomes were, respectively, counted for protein-free samples, samples incubated with HR1, and samples incubated with HR2; error bars indicate standard deviations, and the scale bar is 100 nm. Protein-free liposomes, liposomes incubated with HR1, and liposomes incubated with HR2 displayed an average diameter of 30 AE 9 nm, 41 AE 11 nm, and 31 AE 9 nm, respectively. Fig S7) . EM pictures also showed that liposomes incubated with the HR1 domain displayed a net increase in diameter consistent with fusion [46, 47] , whereas incubation with the HR2 domain had no effect on liposome size (Fig 4B) . This confirms that the HR1 domain can mediate full fusion between liposomes, in agreement with the results obtained using the FRET-based lipid-mixing assay (Fig 3) .
The HR1 domain of Mitofusin perturbs the lipid bilayer structure
The membrane fusion property of HR1 could originate from its capacity to form membrane-bridging complexes (i.e., using a zippering mechanism similar to that of SNARE proteins) and/or from a membrane-destabilizing effect (similar to that of viral fusion peptides or the C-terminal tail of Atlastin). To test this second hypothesis, we followed the fusion between non-fluorescent proteinfree liposomes and fluorescent liposomes functionalized with the HR1 domain of Mfn1 (Fig 5) . Interestingly, HR1 was still able to mediate lipid mixing when it was anchored to only one of the two interacting liposome populations, although the extent of lipid mixing was slightly lower than when non-fluorescent and fluorescent liposomes were both functionalized with HR1 domains (Fig 5) . This result shows that trans-interactions between HR1 domains are not required for fusion and thus points to a different mechanism than that established for SNARE proteins. The ability of membraneanchored HR1 to induce fusion with protein-free liposomes suggests that HR1 might interact with their lipid bilayer structure. We thus next investigated the membrane-binding capacity of HR1 (independently of its coupling to maleimide lipids) using a co-floatation assay with liposomes devoid of maleimide lipids (Appendix Fig  S8A) . This experiment showed that the fusion activity of the HR1 domain in fact correlates with its capacity to interact directly with liposome membranes. As expected, the non-fusogenic HR2 domain did not bind to liposome membranes. To determine whether the membrane-binding capacity of HR1 is due to its affinity for the hydrophobic core of lipid bilayers (which would be consistent with a membrane-destabilizing effect), we performed a phase separation assay in solutions of the Triton X-114 detergent (Appendix Fig S8B) . Fusion was measured using the FRET-based lipid-mixing assay between fluorescent and non-fluorescent liposomes containing or not C45 maleimide lipids to anchor HR1 to the liposome membrane (with the same lipid and protein concentrations as in Fig 2) . In a subset of experiments (purple curves), non-fluorescent liposomes were devoid of C45 maleimide lipid anchor (no C45); thus HR1 (added at t = 0) could only reconstitute into the fluorescent liposomes (C45). Under this asymmetrical condition, the HR1 domain of Mfn1 was still capable of inducing lipid mixing albeit to a lesser extent compared to the symmetrical condition with C45 maleimide lipid anchor on both liposome populations (red curves). The left panel shows one representative set of kinetics experiments, and the right panel the average extent of lipid mixing after 90 min in the case of the asymmetrical system (n = 4 independent experiments; error bars are standard deviations). The average fusion extents in the case of the two symmetrical systems are given in Fig 2B. temperature [48] . In this assay, the HR2 domains of Mfn1 and Mfn2 were almost exclusively found in aqueous phases, while the HR1 domains were recovered in both phases (Appendix Fig S8B) . Of note, the proportion of HR1 in detergent phases was more important for Mfn2 (55%) than for Mfn1 (22%), which may explain the tendency of Mfn2-HR1 to aggregate in solution (see above). This result indicates that the HR1 domain displays an amphipathic character and thus suggests that it could potentially insert into lipid bilayers. Accordingly, bioinformatic analysis of HR1 sequence by HeliQuest identified a long and conserved amphipathic helix at its C-terminus (Fig 6A and  Appendix Fig S9) . Interestingly, this amphipathic sequence also coincides with a region in HR1 where the coiled-coil forming probability drops to zero (Appendix Fig S1) . Three-dimensional construction of HR1 in an ideal a-helix clearly shows that its hydrophobic residues lie on the same face of this helix and are thus ideally positioned to interact with the lipid bilayer surface (Fig 6A) .
Because the partitioning of small proteins into lipid bilayers usually promotes secondary structure formation [49] , we next used circular dichroism spectroscopy to characterize the secondary structure of HR1 when it is in solution or anchored to liposome membranes (Fig 6B) . In solution, HR1 displayed a mixture of random coil and a-helical content, but with a majority of the protein sequence (~55%) being folded into an a-helix. The a-helical content of HR1 increased on the membrane of liposomes (~75%), indicating bilayer-induced secondary structure formation. The HR2 domain was also partially folded into an a-helix in aqueous solution (~30%), but no further structuration occurred on the membrane of liposomes, consistent with its absence of binding to lipid bilayers. When HR1 was incubated with an increasing concentration of liposomes, its helicity increased concomitantly, which allowed the determination of the free energy for HR1 partitioning-folding into the lipid bilayer [49] . Using the increase of mean residue molar ellipticity at 222 nm, we found that the free energy reduction associated with HR1 partitioning-folding into the liposome membrane is about 7 kcal/mol (Appendix Fig S10) , which is consistent with previous energetic estimates of membrane-induced structuration of amphipathic helices, including amphipathic helices involved in membrane fusion [49, 50] . Amphipathic helices are known to preferentially bind to highly curved membranes [51, 52] . This prompted us to investigate whether the capacity of HR1 to induce liposome fusion would depend on the size of these liposomes. To address this point, we performed fusion experiments with liposomes of various sizes, ranging from~50 nm to~250 nm in diameter (Fig 7A) . HR1 induced the fusion of 50 nm diameter liposomes formed either by the standard method (Fig 2B) or by sonication (Fig 7A) , but was unable to induce the fusion of larger liposomes (Fig 7A) , suggesting that it does not bind to their lipid bilayer and that its fusion activity correlates with its capacity to interact with membrane regions of high local curvature. The membrane packing defects found in the outer monolayer of highly curved membranes can also be produced in flat membranes by the presence of cone-shaped lipids such as PE [53] . Because the presence of PE in the liposome membrane was interfering with the chemical linkage of HR1 to maleimide lipids, we could not test its effect in our symmetrical liposome fusion system (Fig 5, top left  panel) . So we took advantage of the capacity of membrane-anchored HR1 to fuse with protein-free membranes to probe the effect of PE in our asymmetrical liposome fusion system (Fig 5, top middle panel) . Interestingly, lipid mixing was partially restored when large 100 nm liposomes contained a physiological concentration of PE lipids (Appendix Fig S11A) . To overcome the problem of interference between PE and maleimide lipids, we also developed a new anchoring strategy using NTA-Ni functionalized lipids. Liposomes containing NTA-Ni lipids fused efficiently in the presence of an HR1 fragment with a C-terminal His 6 tag and, importantly, fusion was strongly activated when the liposome membrane included PE lipids (Appendix Fig S12A) . The NTA-Ni anchoring strategy also allowed us to explore the potential role of HR1/HR2 interaction in fusion by selectively coupling HR1 and HR2 to NTA-Ni-and maleimidecontaining liposomes, respectively. These experiments revealed that HR1 liposomes fused similarly with protein-free liposomes or HR2 liposomes, indicating that the measured fusion activity was due to HR1/membrane interaction rather than HR1/HR2 interaction (Appendix Fig S12B) . Together, these data show that the HR1 domain induces membrane fusion by perturbing the lipid bilayer structure, notably in membrane regions displaying lipid packing defects. Previous work identified two membrane-binding amphipathic helices within the heptad repeat domain of the synaptic v-SNARE protein VAMP2 [52, 54, 55] . Importantly, these helices did not induce liposome fusion in our assay (Fig 2B) , suggesting that their membrane-destabilizing effect (if any) is much weaker than that produced by the HR1 domain of Mitofusin.
To confirm the importance of the amphipathic helix of HR1 in mitochondrial fusion in a cellular context, we expressed an Mfn1 mutant lacking the conserved amphipathic helix of HR1 (Mfn1-DaH) into Mfn1 KO MEFs (Fig 7B) . Similar to Mfn1-DHR1, the Mfn1-DaH mutant could not restore normal tubular mitochondrial morphology in Mfn1 KO cells (Fig 7B) . MiNA showed that expression of Mfn1-DaH did not modify the number and the morphological features of individual or network structures in Mfn1 KO MEFs (Fig 7B) . These in situ results confirm the crucial role of HR1, and notably its amphipathic helix, in mediating outer mitochondrial membrane fusion. We also performed in vitro liposome docking and fusion experiments with an amphipathic helix deleted HR1 fragment (HR1-DaH). As expected, this fragment could not induce liposome fusion (Appendix Fig S11B) . Interestingly, it also could not mediate liposome docking (Appendix Fig S7) , suggesting that the docking activity of HR1 is due to its interaction with the lipid bilayer and not the formation of a membrane-bridging HR1/HR1 complex. Accordingly, HR1 was not capable of inducing the docking of large liposomes (Appendix Fig S7) .
Discussion
Our results show that isolated HR1 and HR2 domains of Mitofusin mediate membrane docking in vitro, as observed by pull-down, dynamic light scattering and electron microscopy experiments. They also show that the HR1 domain induces membrane fusion. The occurrence of full fusion (i.e., mixing of both outer and inner leaflets of lipid bilayers) is confirmed using a dithionite assay that specifically monitors inner leaflet mixing, and directly observed in electron microscopy experiments, showing larger liposomes after incubation with HR1. Bioinformatics analysis of HR1 domain sequence identifies a conserved amphipathic helix in the C-terminal part of the domain. This amphipathic helix confers membrane-binding capacity to HR1, as shown by circular dichroism experiments, in which HR1 becomes more structured upon contact with the liposome ▸ Figure 7 . The amphipathic helix of HR1 may trigger mitochondrial fusion by perturbing bilayer structure in regions of high local curvature.
A Left, dynamic light scattering (DLS) on maleimide-containing liposomes of different sizes, made by various means: standard method, sonication or extrusion (using a polycarbonate membrane with a 100 nm or 400 nm pore size). We used the sonication method in an attempt to produce liposomes that would be smaller than those prepared by the standard method but both approaches actually generated liposomes with an average diameter of~50 nm. Right, fusion between maleimidecontaining liposomes of different sizes following addition of the HR1 domain of Mfn1 at t = 0 (500 lM of lipids and 12.5 lM of proteins). The HR1 domain could fuse sonicated liposomes with the same efficiency as liposomes formed by the standard method ( Fig 2B) but was unable to fuse larger liposomes (with an average diameter of~100 nm or~250 nm). This shows that HR1 specifically induces the fusion of small highly curved liposomes. B Top, Mfn1 KO MEFs were co-transfected with a plasmid expressing mtEGFP and a plasmid expressing Mfn1-Myc lacking the conserved amphipathic helix of HR1 (Mfn1-DaH). Mfn1-DaH was stained with an anti-Myc antibody and actin was stained with Phalloidin. The right panels show magnified views of the boxed area in the left panels. Expression of Mfn1-DaH in Mfn1 KO MEFs could not rescue filamentous mitochondrial morphology. The scale bar is 10 lm for the left panels and 2 lm for the right panels. Bottom, cells were analyzed using the MiNA toolset (~30 cells; n = 4 independent experiments) that classified mitochondrial morphologies as either individuals (structures with no junction, which can be puncta or rods) or networks (structures with at least one junction and three branches), and calculated the mean length of rods and network branches, and the mean number of branches per network. Box plots represent the 25 th and 75 th percentiles around the median and the whiskers represent the maximum and minimum values. ***P ≤ 0.001, ****P ≤ 0.0001 by Mann-Whitney U-test. The morphological data of the control cells and of cells expressing Mfn1 WT are those of Fig 1D, displayed here for comparison purposes. How does the HR1 domain induce membrane fusion? HR1 could mediate fusion like SNARE proteins do, that is, by assembling like a zipper (which would be a homotypic complex in the case of HR1) across the membranes destined to fuse, forcing their close apposition and lipid mixing [3] [4] [5] [6] [7] [8] . Alternatively, HR1 could mediate fusion by perturbing the lipid bilayer structure, as recently shown for a C-terminal amphipathic fragment of the ER membrane fusion protein Atlastin [56, 57] . Such perturbation could occur when HR1 interacts with the membrane in which it is anchored and/or when HR1 interacts with the opposing membrane. Our results strongly favor the membrane perturbation hypothesis. First, bioinformatics analysis of Mitofusin sequence predicts that HR1 has a low coiled-coil forming capacity compared to HR2, and identifies a strong and conserved amphipathic helix in its C-terminal part. Second, HR1 can mediate the fusion between liposomes in which it is anchored and protein-free liposomes. This ability of membrane-anchored HR1 to induce fusion with protein-free membranes can be correlated with our observation that HR1 folds upon interaction with the liposome membrane, which might destabilize the lipid bilayer structure. Third, fusion is abolished when the liposomes present less lipid packing defects and are thus intrinsically more stable.
This then raises the question of how can lipid packing defects and membrane stress be produced in vivo within the outer mitochondrial membrane. Because large GTPase proteins from the dynamin family (to which Mitofusin belongs) are known for their membrane remodeling properties [24] , it is tempting to speculate that high membrane curvature could be generated by the GTPase domain of Mitofusin [1, 25] . Interestingly, a recent study suggests that GTP hydrolysis triggers outer mitochondrial membrane fusion at the edge of the contact zone between two docked mitochondria, where membrane curvature is locally increased [23] . Similar membrane packing defects such as those induced by high local curvature can also be generated by lipids with a cone-like Our data and previous studies [18, 26, 27, 29] suggest two possible scenarios for mitochondrial fusion that are both compatible with a membrane destabilization function of HR1 during fusion.
A The HR2 domain is involved in mitochondrial docking through the formation of antiparallel coiled-coil dimers that bring opposing mitochondrial membranes at 10 nm from each other (Protein Data Bank entry 1T3J) [18] . The HR1 domain interacts with the lipid membrane (in cis or in trans), which brings outer mitochondrial membranes in closer proximity and perturbs their lipid bilayer structure, notably in membrane regions already displaying lipid packing defects. B Mitofusin-mediated mitochondrial docking occurs through GTP-dependent trans-dimerization of its GTPase domain followed by GTP hydrolysis driven open/closed conformational transition that pulls the membranes together (Protein Data Bank entry 5GOM) [26, 27] . In the closed conformation, the HR1 domain is perfectly placed to interact with the lipid bilayer surface and thus act as the molecular trigger for membrane merger. Crystallized sequences of Mfn1 in panels (A and B) are shown in ribbon representation and sequences with unknown structure are displayed as random coils or geometric shapes. The positions and orientations of the protein domains in the two panels are arbitrary. molecular shape, that is, lipids having a small headgroup area compared to the cross-sectional area of their hydrophobic chains [53] . Outer mitochondrial membranes are particularly rich in PE lipid [38] , which displays a cone-shaped geometry and is known to influence mitochondrial morphology [58] . Its presence at the fusion site could thus have an important regulatory/triggering effect on the membrane perturbation activity of the HR1 domain. Future work will have to address the role of various lipid compositions and the contribution of the GTPase domain of Mitofusin in mitochondrial fusion. Our observation that the HR2 domain of Mitofusin mediates membrane docking in vitro is consistent with previous structural and in situ data which showed that this domain forms a 9.5 nm dimeric antiparallel coiled-coil with the capacity to dock mitochondrial membranes [18] . In the case of HR1, the membrane docking property observed in our in vitro systems essentially involves interactions between HR1 and the opposing membrane. How do the membrane docking, binding, and fusion properties unraveled here for the heptad repeat domains of Mitofusin compare with the mode of action of similar functional domains in other fusion machineries? In SNARE-mediated fusion, the energy released during the folding of heptad repeat domains as coiled-coil structures is used to dock the membranes, bring them close together and force bilayer merger [3] . Class I viral fusion proteins also use the folding energy of coiled-coil structures to drive membrane apposition, and possess an N-terminal amphipathic helix (called the fusion peptide) that displays both membrane-anchoring and membrane-destabilizing properties [9] . Atlastin mediates the fusion of ER membranes using mechanical properties of both SNARE and viral fusion proteins. ER membranes are first brought in close proximity by GTP-dependent formation and conformational transition of membrane-bridging Atlastin complexes. ER membranes are then destabilized by a C-terminal amphipathic helix which alters the lipid bilayer integrity [10, 56, 57] . Interestingly, similar membrane-proximal amphipathic helices, with a potential function in membrane destabilization and fusion, were also found in other fusion proteins such as the synaptic v-SNARE protein VAMP2 and the flavivirus protein E from the dengue virus [54, 55, 59] , suggesting that amphipathic helices are a force to be reckoned with in membrane fusion events.
Our results and previous works [18, 26, 27, 29] suggest two alternative, but not mutually exclusive, pathways for Mitofusin-mediated outer mitochondrial membrane fusion (Fig 8) . In the first one (Fig 8A) , mitochondria are docked to each other by HR2 domains that form antiparallel coiled-coil dimers across outer mitochondrial membranes, bringing mitochondria at~10 nm from each other [18] . Concomitantly, HR1-owing to its amphipathic propertybinds to its membrane and/or the opposing membrane, thus bringing the bilayers even closer and disrupting their structure to trigger membrane merger [2, [60] [61] [62] [63] . The interaction of HR1 with the mitochondrial membrane might be facilitated by membrane deformation by the GTPase domain and/or local enrichment of non-bilayer forming lipids such as PE. In the second one (Fig 8B) , Mitofusin mediates mitochondrial docking by trans-dimerization of its GTPase domain and brings outer mitochondrial membranes in close proximity by folding back on itself [26, 27] . This model is also compatible with a role of HR1 in membrane perturbation because, in the closed conformation, HR1 would be lying parallel to the lipid bilayer surface and would thus be ideally positioned to destabilize the outer mitochondrial membrane (Fig 8B) . These two pathways are not mutually exclusive because HR2-mediated docking could also occur downstream of GTPase-mediated docking to stabilize close membrane apposition. Further work is now required to fully elucidate the structure-function of Mitofusin and notably to reveal how the GTPase domain collaborates with the heptad repeat domains to induce homotypic fusion of mitochondria.
Materials and Methods

Chemicals
Salts and detergents were purchased from Merck Millipore with the Molecular Biology grade. All aqueous solutions were prepared using 18.2 MΩ ultra-pure water and filtered through 0.2 lm hydrophilic membranes.
1
succinyl] (nickel salt) (DOGS-NTA-Ni) were purchased from Avanti Polar Lipids as chloroform solutions. Maleimidopropionic acid solanesylester (C45 maleimide) was synthesized from solanesol (TCI Chemicals) as previously described [7] . About 40 mg of C45 maleimide was obtained with a 75% yield (mol% compared to solanesol).
1 H-and 13 C-NMR spectra were recorded on a Bruker spectrometer. 
Protein synthesis
Except otherwise noted, heptad repeat domains (HR1 and HR2) of Mitofusin proteins (Mfn1 and Mfn2) used in this study were produced by Fmoc solid-phase peptide synthesis and one-step purification by reverse-phase HPLC (Proteogenix, purity > 95%). The produced sequence (derived from Human Mitofusins) were Mfn1-HR1 (T350-L420; C411S, C418S; with a C-terminal cysteine or His 6 tag), Mfn1-HR1-DaH (Mfn1-HR1-D393-410; with a C-terminal cysteine tag), Mfn1-HR2 (T676-P735; C681S; with an N-terminal cysteine-leucine tag), Mfn2-HR1 (A371-R440; C390S; with a C-terminal leucine-cysteine tag), and Mfn2-HR2 (T695-Q754; C700S; with an N-terminal cysteine-leucine tag). Lyophilized samples (1 mg aliquots) were solubilized in 1 ml of buffer H (25 mM HEPES/KOH, pH 7.5; 150 mM KCl; 10% (v/v) Glycerol) containing 0.25 mM TCEP by vortexing for 2 min at room temperature followed by 40 s of ª 2018 The Authors EMBO report 19: e43637 | 2018 sonication on ice to remove any potential aggregates (four cycles of 10 s on, at 30% maximal power, and 10 s off, using a Vibra-Cell from Sonics equipped with a 2-mm microtip). Samples were then centrifuged for 45 min at 200,000 g in a TLA 120.2 rotor (Beckman), and the supernatants (used in the experiments) were isolated by carefully pipetting 950 ll immediately after centrifugation. Samples were snapfrozen in liquid nitrogen and stored at À80°C as aliquots of 100 ll, or kept on ice for up to 2-3 weeks. In some of the experiments, we also used recombinant HR1 and HR2 fragments, which were expressed and purified as described below.
Protein purification
Human Mfn1-HR1 (T350-R419), Mfn1-HR2 (T676-P735), Mfn2-HR1 (A371-R440), and Mfn2-HR2 (T695-Q754) were cloned into a pLIC plasmid [64] derived from pET21b(+) (Novagen) and containing an N-terminal His 6 tag, a maltose-binding protein (MBP) tag and a tobacco etch virus (TEV) protease recognition sequence (ENLYFQG). All natural cysteines were replaced by serines and a serine-glycine-glycine-cysteine tag was added to the C-terminus in the case of Mfn1-HR1 and Mfn2-HR1 and to the N-terminus in the case of Mfn1-HR2 and Mfn2-HR2. Plasmids encoding for Mfn-HR fragments were expressed in the BL21(DE3) Escherichia coli strain (Invitrogen), together with a tRNA accessory plasmid pRIL (Stratagene). 10 ml of Luria broth (LB) containing 100 lg/ml of ampicillin and 30 lg/ml of chloramphenicol was inoculated with the coexpressing strain and grown overnight at 37°C. This 10 ml preculture was used as the inoculum for 1 l of LB containing 100 lg/ ml of ampicillin and 30 lg/ml of chloramphenicol. The 1 l culture was grown at 37°C until reaching an optical density of 0.6 (at 600 nm). Expression of Mfn-HR was induced by the addition of 1 mM IPTG. Bacteria were grown for an additional 5 h at 30°C, harvested by a 15-min centrifugation at 3,000 g in a Fiberlite F9-4 × 1000y rotor (Thermo Scientific) and frozen at À80°C for at least 1 h. Frozen bacteria were resuspended by gentle pipetting in 30 ml of buffer H containing 5 mM imidazole; 1 mM TCEP; 200 lg/ml lysozyme; 20 lg/ml DNase; 1 mM PMSF; 0.1% Triton X-100 and 2 cOmplete, Mini, EDTA-free protease inhibitor cocktail tablet (Roche). Bacteria were disrupted by probe sonication on ice (five cycles of 30 s on at maximal power and 30 s off, using a Vibra-Cell from Sonics equipped with a 13-mm tip). Cell debris was removed by a 30-min centrifugation at 70,000 g in a Ti45 rotor (Beckman). Bacterial supernatant was incubated for 4 h at 4°C with 2 ml of Ni-NTA resin (Qiagen) equilibrated in buffer H containing 5 mM imidazole and 0.25 mM TCEP. The beads were washed with 20 ml of buffer H, and the protein was eluted with 6 ml of buffer H containing 300 mM imidazole and 0.25 mM TCEP. The eluted protein was desalted on a Sephadex-G25 column (GE Healthcare) using buffer H containing 1 mM TCEP and 0.5 mM EDTA to allow efficient cleavage of the MBP tag by His 6 -TEV protease (overnight incubation at 4°C using 0.5 mg of His 6 -TEV for 1 mg of Mfn-HR). The plasmid for His 6 -TEV expression (pRK793) was a gift from David Waugh (Addgene plasmid # 8827), and the protein was purified as previously described [65] . Sephadex-G25 column was used again to put proteins into buffer H containing 0.25 mM TCEP. Cleaved proteins were incubated with 5 ml of amylose resin (New England Biolabs) for 3 h at 4°C to remove cleaved MBP tag, and the collected flow through was applied to 2 ml of Ni-NTA resin for 3 h at 4°C to remove His 6 -TEV protease as well as any remaining MBP tag. The flow through was finally concentrated in Amicon Ultra-15, 3 kD (Millipore), frozen in liquid nitrogen, and stored at À80°C as aliquots of 100 ll.
The soluble t-SNARE protein (consisting of the cytoplasmic domain of rat Syntaxin-1A containing a single C-terminal cysteine residue and mouse His 6 -SNAP25 with no cysteine residues), the soluble v-SNARE protein (consisting of the cytoplasmic domain of mouse His 6 -VAMP2 containing a C-terminal cysteine residue), and the heptad repeat domain of human VAMP7 (containing an N-terminal His 6 tag and a C-terminal cysteine residue) were expressed and purified as previously described [8] .
Preparation of protein-free liposomes
Except otherwise noted, liposomes were prepared by the standard method [66] For experiments with liposomes of various sizes, we also used the extrusion and sonication methods. Dried lipid films (1 lmol) were obtained as described above and resuspended in 1 ml of buffer H by vigorously vortexing for 1 h at room temperature. Unilamellar liposomes were produced by seven freeze-thaw cycles (30 s in liquid nitrogen followed by 5 min in a 37°C water bath) and (i) extrusion (at least 19 times) through a polycarbonate filter with the desired pore size (50, 100, or 400 nm polycarbonate membranes from Avanti Polar Lipids) or (ii) sonication on ice (15 cycles of 30 s on at maximal power and 30 s off, using a VibraCell from Sonics equipped with a 2-mm microtip). Sonicated liposomes were centrifuged for 20 min at 16,100 g to remove metal residues.
Typical size distributions of these various liposome preparations are given in Fig 7A. 
Reconstitution of SNARE proteins into liposomes
Cytoplasmic domains of t-and v-SNARE proteins were reconstituted into liposomes by chemical linkage to C18 or C45 maleimide lipids present at the membrane of liposomes. SNARE proteins were mixed with maleimide-containing liposomes at concentrations corresponding to a SNARE:maleimide molar ratio of 1:1. Reactions were incubated for 1 h at room temperature with intermittent gentle mixing (1 min at 300 rpm every 9 min in a Thermomixer from Eppendorf). Unreacted maleimide lipid was quenched by the addition of 1 mM dithiothreitol (DTT). SNARE liposomes were recovered by flotation in a Nycodenz step gradient. Proteoliposomes were mixed with an equal volume of 80% (w/v) Nycodenz in buffer H with 1 mM DTT and transferred to Ultra-Clear centrifuge tubes (Beckman). These 40% (w/v) Nycodenz layers were then overlaid with 30% Nycodenz in buffer H with 1 mM DTT, followed by a last layer of buffer H with 1 mM DTT. Tubes were centrifuged at 200,000 g for 4 h at 4°C in a SW55 rotor (Beckman). SNARE liposomes were harvested from the top layer and stored on ice for up to 2-3 weeks. SNARE surface density (estimated by SDS-PAGE) was typically 1 protein for 300 lipids.
FRET-based lipid-mixing assay 54 ll of acceptor (non-fluorescent) liposomes at 1 mM and 45 ll of buffer H with 0.25 mM TCEP were added to the bottom of a 96-well Nunc F96 MicroWell plate (Thermo Scientific) and pre-warmed at 37°C for 10 min. 6 ll of donor (fluorescent) liposomes at 1 mM were carefully added to one side of the well; 15 ll of proteins at 100 lM in buffer H with 0.25 mM TCEP were added to another side of the well. The fusion reaction was initiated by shaking the plate in order to mix the three different solutions. Lipid mixing was measured by following fluorescence dequenching of the NBD probes from the donor liposomes resulting from their dilution into the acceptor liposomes. The NBD fluorescence was monitored at 1-min intervals for 90 min (excitation at 460 nm; emission at 535 nm) by the SpectraMax M5 plate reader (Molecular Device) equilibrated to 37°C. After 90 min, 10 ll of 2.5% (w/v) n-dodecyl-b-D-maltoside (DDM) was added to completely dissolve the liposomes and thus measure the NBD fluorescence at infinite dilution; the data were then normalized by setting this maximal NBD fluorescence signal to 100% and the lowest NBD fluorescence signal to 0% [66] . In experiments with pre-formed SNARE liposomes, 54 ll of non-fluorescent t-SNARE liposomes at 1 mM and 60 ll of buffer H were added to the bottom of the plate, pre-warmed at 37°C for 10 min, and the fusion reaction was initiated by adding 6 ll of fluorescent v-SNARE liposomes at 1 mM.
Hemifusion vs. full fusion dithionite assay
To quantify the proportion of hemifused liposomes, we quenched the fluorescence of the outer monolayer of liposomes (containing 1.5 mol% DOPS-NBD) with sodium dithionite. A 15 ll aliquot of 100 mM sodium dithionite, stored at À20°C in buffer H, was thawed right before the experiment, and incubated with 100 ll of 1 mM fluorescent donor liposomes for 15 min at 37°C. The percentage of liposomes that underwent hemifusion at time t, H(t), is given by the equation:
Where F T and F I are, respectively, the normalized fluorescence dequenching signals without and with prior sodium dithionite treatment (total lipid mixing and inner monolayer lipid mixing, respectively), and a is the proportion of lipids residing in the inner monolayer of liposomes (a = 0.4 in the case of 50 nm diameter liposomes).
Liposome docking assay with magnetic beads 50 ll of streptavidin-coated magnetic beads (Dynabeads MyOne Streptavidin T1 from Invitrogen) were washed three times with buffer H and then incubated for 1 h at room temperature with 50 ll of 1 mM non-fluorescent acceptor liposomes containing 2 mol% DOPE-Biotin by intermittent gentle mixing (30 s at 500 rpm every 10 min in a Thermomixer from Eppendorf). Bead-bound liposomes were next incubated overnight on ice with 50 ll of 1 mM fluorescent donor liposomes and 50 ll of proteins at 50 lM in buffer H containing 0.25 mM TCEP. Docked fluorescent liposomes were pulled down using a magnetic field, and samples were gently washed three times with buffer H. 15 ll of 2.5% (w/v) DDM was added to the 200 ll reaction to completely dissolve the liposomes. Streptavidin beads were removed by centrifugation at 1,500 g for 10 min, and fluorescence in the supernatant was measured with the SpectraMax M5 plate reader. In the presence of HR1, a small (4%) fluorescence dequenching signal was measured when acceptor and donor liposomes were incubated together overnight on ice. This signal (originating from lipid mixing on ice) was converted to rounds of fusion [67] , and the result was subtracted from the percentage of fluorescence recovered on the magnetic beads in order to obtain the fluorescence contribution from liposome docking.
Dynamic light scattering
100 ll of liposomes at 1 mM were incubated for 1 h at 37°C with or without 100 ll of proteins at 25 lM in buffer H containing 0.25 mM TCEP. Samples were then diluted five times in a 1-ml cuvette, and their size distribution was determined at 37°C using a Zetasizer Nano ZS (Malvern Instruments). Alternatively, 50 ll of liposomes at 1 mM and 50 ll of proteins at 25 lM were directly mixed in a low volume cuvette at t = 0 and the size distribution was monitored for 1 h at 37°C using the kinetics mode with one measurement every 5 min.
Electron microscopy
10 ll of liposomes at 1 mM were incubated for 1 h at 37°C with or without 10 ll of proteins at 25 lM in buffer H containing 0.25 mM TCEP. Samples were then diluted 20 times, and 5 ll was applied to a formvar/carbon 200 mesh copper grid (Electron Microscopy Sciences). Liposomes were allowed to sediment for 5 min at room temperature, and the solution was removed with a Whatman filter paper. 5 ll of 1% (w/v) uranyl acetate was applied to the grid for 1 min at room temperature, removed with a Whatman filter paper, and the samples were allowed to air dry at room temperature, protected from light, for at least 1 h before being observed. Samples were observed in a Tecnai 12 (FEI, The Netherlands) transmission electron microscope operating at 80 kV and equipped with a 1K × 1K Keen View camera.
Triton X-114 phase separation assay Triton X-114 was preconditioned to remove most hydrophilic contaminants and thus enrich the amphiphilic molecules [48] . 5 g of Triton X-114 was dissolved on ice in 100 ml of buffer H. The clear solution was next incubated at 37°C for 15 min to exceed the cloud point, and centrifuged at room temperature for 10 min at 10,000 g to separate the two phases. The aqueous phase was discarded, and the detergent phase was supplemented with buffer H up to 100 ml. This washing procedure was repeated three times. The concentration in the third detergent phase (used in the experiments) was determined by measuring the absorbance at 275 nm.
For phase separation, proteins were diluted at 2.5 lM on ice in buffer H containing 0.5% (w/v) Triton X-114 for a final volume of 500 ll. The solution was incubated for 15 min at 37°C and centrifuged for 10 min at 10,000 g, allowing aqueous and detergent phases to separate. The aqueous phase (~450 ll) was carefully removed and transferred to a new tube. The volume and Triton X-114 concentration in both tubes was re-adjusted to 500 ll and 0.5%, respectively. Separation in both tubes was repeated as described above. Proteins from all four resulting phases were precipitated with trichloroacetic acid and analyzed by SDS-PAGE.
Circular dichroism
100 ll of proteins at 25 lM in buffer T (10 mM Tris-HCl, pH 7.7; 150 mM KCl; 10% (v/v) Glycerol) were incubated for 30 min at 37°C with or without 100 ll of liposomes at 1 mM (prepared in buffer T). In these experiments, Tris was used to replace HEPES, which absorbs light in the far-UV region. Circular dichroism measurements were performed at 37°C on a Jasco J-815 spectrometer. Spectra were recorded between 260 and 200 nm, at 0.2 nm intervals and a scan speed of 50 nm/min, using a 1 mm path length Quartz Suprasil cuvette (Hellma). Final spectra were averaged over five scans. Control spectra of buffer T with or without liposomes were systematically subtracted from the proteins spectra.
To determine the a-helical content of heptad repeat domains, experimental spectra were fitted with a linear combination of three reference spectra (random coil, a-helix, and b-sheet) from poly-Llysine [68] . Alternatively, we also used a method that directly extracts the a-helical content from the mean residue molar ellipticity at 222 nm [69] , and found similar results with the two approaches.
The free energy of HR1 partitioning-folding into the liposome membrane was deduced from the increase of mean residue molar ellipticity at 222 nm, [h] 222 , as a function of the lipid concentration [49] . Briefly, the mole fraction partition coefficient was obtained by fitting [h] 222 vs. lipid concentration (Appendix Fig  S10) to the following expression using nonlinear least-square minimizations:
where [h] 222 (free) is the mean residue molar ellipticity at 222 nm in the absence of liposomes, [h] 222 (bound) is the mean residue molar ellipticity at 222 nm when all the proteins are partitioned into the liposomes (parameter fitted together with the mole fraction partition coefficient) and f p is the molar fraction of proteins partitioned into the liposomes, which is given by: where R is the gas constant, and T is the absolute temperature.
DNA constructs for cell expression
The construct for expression of a GFP molecule targeted to the mitochondrial matrix (mtEGFP) was previously described [15, 70] . The Mfn1 construct with a Myc tag at the C-terminus (Mfn1-Myc) was a gift from David Chan (Addgene plasmid #23212) [16] . All Mfn1 mutant constructs were created in Mfn1-Myc by polymerase chain reaction (PCR) using Phusion High-Fidelity DNA Polymerase according to the manufacturer's instructions (New England Biolabs). The deletion of the HR1 domain (residues 350-420) was generated by two steps of overlapping PCR using the primers: forward 
Antibodies and cell staining reagents
The mouse anti-Myc (9E10) primary antibody was purchased from Developmental Studies Hybridoma Bank. The donkey anti-mouse Alexa Fluor 568-conjugated secondary antibody and the Alexa Fluor 660-conjugated phalloidin F-actin staining peptide were purchased from Life Technologies.
Cell culture and transfection
Immortalized mouse embryonic fibroblasts (MEFs) lacking the endogenous Mfn1 protein (Mfn1 KO MEFs) were a gift from David Chan (California Institute of Technology, Pasadena, USA). MEFs were cultivated in Dulbecco's modified Eagle's medium (DMEM, Life Technologies) supplemented with 10% fetal bovine serum (FBS, Life Technologies) and 1% penicillin/streptomycin and were maintained at 37°C in 5% CO 2 . One day before transfection, the cells were seeded on coverslips for immunofluorescence. The cells were transfected using Lipofectamine 3000 (Life Technologies) according to the manufacturer's instructions optimized for MEFs: 2 h before transfection, the cells at 30-50% confluency were starved in serum-free DMEM then transfected using a DNA (lg) to Lipofectamine 3000 (ll) ratio of 1:3 and 1 lg DNA/cm 2 . After 2 h, FBS was added to the media to 10% final and the cells were allowed to recover for 18-20 h before preparation for microscopy.
Immunofluorescence and microscopy
For immunofluorescence, the cells were fixed with 3.7% formaldehyde in phosphate-buffered saline (PBS) for 10 min at room temperature. The cells were next permeabilized with 0.2% Triton X-100 for 5 min, blocked with PBS containing 2% filtered FBS for 10 min, and incubated with the primary antibody in PBS containing 2% FBS for 1 h at room temperature. After washing, the secondary antibody and the phalloidin peptide were added for 1 h at room temperature. Coverslips were then washed with PBS to be mounted onto glass slides using Vectashield (H-1000, Vector Laboratories).
Images were acquired using a CSU-X1 spinning disk confocal system (Yokogawa, Intelligent Imaging Innovations) on an inverted microscope (DMI6000B, Leica), with a 100×, 1.46 NA objective lens and an sCMOS camera (ORCA Flash 4.0v2+, Hamamatsu). Slidebook 6 (Intelligent Imaging Innovations) was used to acquire the images and to process them. Mitochondrial morphology was analyzed using the mitochondrial network analysis (MiNA) ImageJ macro tool [36] . Mitochondria were identified using the GFP molecule targeted to their matrix (mtEGFP). Measurements were exported to Prism and displayed on box-and-whiskers plots. Mann-Whitney U-tests were performed to determine whether mitochondrial morphology changes were statistically significant.
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